Linear Variable Differential Transformer (LVDT) is a displacement transducer which found its widespread application in process industry for the measurement of flow [1], pressure [2], level [3] and temperature [4] in terms of displacement. LVDT is also used to measure force [5], velocity [6] etc. with a high degree of accuracy and reliability. It is well known that the output of LVDT varies linearly with the core motion based on some preassumption as mentioned in different literatures [1] - [8] . However the output is not perfectly linear because of the effect of the construction of the LVDT, material of the core; inter winding capacitance, stray capacitance and self inductances of the primary and secondary. Again the reactance of capacitance and inductance vary with the excitation frequency. Hence, though the output of LVDT is assumed linear with the excitation frequency, but in practice, it varies nonlinearly with the excitation frequency. In this paper, the effect of the excitation frequency on the output of LVDT has been studied and the outputs have been tabulated for the frequency range 50 Hz to 100 Hz. Also the variation of the output with frequency has been explained graphically.
INTRODUCTION
Researchers have developed different types of displacement transducer in aspect of range of displacement, sensitivity, linearity and accuracy, like l i n e a r v a r i a b l e d i f f e r e n t i a l t r a n s f o r m e r ( LVDT) [9] , capacitive transducer [10] , potentiometric transducer [11] , resistive transducer [12] , etc. Each of these transducers has its drawbacks and imperfections. LVDT is an electro-mechanical displacement transducer [9] , [13] , which has three coils namely one primary and two secondary. Current in the primary coil induces e.m.f. on the two secondary. The induced e.m.f. depends on the mutual inductances between the primary and the secondary of the LVDT. The mutual inductances again depend on the displacement of the core inside the LVDT and on the material of the core. The resulting output is the difference between the two e.m.f.s induced on both the secondary. The output of the LVDT is controlled by the position of the magnetic core. The two secondary of the LVDT are connected in opposition so that the output should be the difference between the two induced e.m.f. in the two secondary. At the centre of the position measurement stroke, the two secondary voltages of the displacement transducer are equal but because they are connected in opposition, the resulting output from the sensor is zero. As the LVDTs core moves away from centre, the result is an increase in one of the position sensor secondary and a decrease in the other. This results in an output from the measurement sensor. With LVDTs, the phase of the output (compared with the excitation phase) enables the electronics to know which half of the coil the core is in. Since there is no electrical contact across the transducer position sensing element, it offers many advantages over potentiometric linear transducers such as frictionless measurement, infinite mechanical life, excellent resolution and good repeatability. Its main disadvantages are its dynamic response and the effects of the exciting frequency. LVDT can also be used as a secondary transducer in various measurement systems. In those cases, a primary transducer is used to provide a displacement corresponding to the measurand and LVDT is then used to convert the measured displacement into corresponding electrical signal. In case of pressure measurement, displacement of a diaphragm or of the tip of a Bourdon tube is measured using LVDT [14] . Similarly in case of acceleration and force measurement, the displacement of an elastic element subjected to the given force is measured by LVDT [15] . However, the drawback of LVDT is its larger body length and its output is affected by stray magnetic field and excitation frequency as discussed in [16] , [17] . To eliminate this error, Dhiman et.al discussed in [16] , a strain gauge based displacement sensor that introduced mechanical error in terms of ruggedness. Where, displacement in the range of millimeter is to be measured, capacitive type transducer may be used to measure for its good frequency response. But the drawback of this type of transducer is its nonlinear behavior on account of edge effect and high output impedance on account of its low capacitance value. Hence in this case, the output varies with the excitation frequency resulting an erroneous result. Different literatures on LVDT so far studied, show the range of measurement, accuracy, reliability, fields of applications etc. but the variation of its output with frequency due to inter winding and stray capacitances has not been discussed so far. In this paper, the effect of stray and inter winding capacitance especially in low range displacement measurement has been discussed. The variations of the output of LVDT with different frequencies have been discussed in tabular form. The plots of the output with frequencies explore how and in which range a specific LVDT can be used with how much degree of accuracy.
WORKING OF LVDT WITHOUT THE INTER WINDING CAPACITANCES
The equivalent circuit of an LVDT [1] , [2] without considering the stray and inter winding capacitances is shown in Fig.1 . Fig. 1 , it is clear that the equation for the input, Ei and the output Eo, can be written as
Fig. 1. Equivalent circuit of LVDT. From
The difference (M1 -M2) varies with the core motion and if it is assumed that the difference varies linearly with the core motion, then it can be written as M1 -M2 = kd, where "k" is the proportionality constant and "d" is the core displacement.
However, the frequency response of the LVDT as stated in [1] is is nearly equal to 900, but it varies linearly with "ω". As the displacement increases, since the values of M1 and M2 changes, Eo also changes linearly for a certain displacement and then Eo remains fixed for further displacement on both side. Now as the core moves upward or right direction, the difference of phase angle between the output and the input becomes positive and when it moves downward or left direction, the difference of phase angle become negative. All that have been discussed so far are for the ideal condition of an LVDT, i.e. inter-winding and stray capacitances have not been considered that will be discussed in the next section. Fig. 3 shows the equivalent circuit diagram of an LVDT considering the inter-winding and stray capacitances. Here Cp is the equivalent capacitance on the primary side and Cs is that on the secondary side. Now for the primary side, using KCL, Ei can be written as 
WORKING OF LVDT WITH INTER WINDING AND STRAY CAPACITANCES
Now (5) and (6) can be written as
and
From (8), Is(s) = -
Substituting the value of Is(s) in (6) and rearranging we get
and (M1 -M2) = Kd(s), where d(s) is the Laplace of the displacement of the core in the field and K is a constant.
Hence, 
and phase angle between Es and Ei is, θ= 900tan- So the output of the LVDT is given by, EO = AθEid and
It is seen from (12) and (13) that, both "A" and "θ" vary with excitation frequency (ω). The variation of "A" with "ω" is shown in Fig. 4 for different values of the constant "K", i.e. for three different LVDT. From the Fig., it is clear, that the amplitude of the output of LVDT varies nonlinearly with frequency, though it is linear over a small frequency range. Hence if the inter-winding and stray capacitances are considered, the output can be obtained linear for a fixed range of frequency.
Typical ranges of the self and mutual inductances of the LVDT used to draw the plots in Fig.4 are given in Table 1 along with the values of the primary and secondary resistances and capacitances. Though the mutual inductances between the primary and the secondary vary with the core displacement, the values of M1 and M2 mentioned here are for displacement, d = 2 mm. So the value of A is 3.99x10-8, taking ω = 50 Hz and K = 0.02. Hence the output of the LVDT for 2 mm core displacement is 7.98x100x10-8 = 0.00007 mV, where Ei is taken as 100 V. Fig. 5 shows the LVDT output for different excitation frequency with fixed value of "d"(2 mm) and "K" (2) . Fig. 6 shows the difference in phase angle for different frequency.
From Fig. 5 , it is clear that the difference in phase angle is greater than that obtained without considering the effect of inter-winding and stray capacitance. Hence, if the core moves upward/right direction or downward/left direction, there will be a significant change in phase angle with the input excitation signal. Hence the design of the lead/lag compensator will be more difficult in case if the interwinding or stray capacitances are considered.
EXPERIMENT AND RESULTS
Experiment has been performed by measuring the output with excitation frequency for fixed value of "d". Here the displacement (d) is kept constant as 2 mm and the variations of the output for various frequencies are being tabulated in Table 3 . The plot corresponding to the results obtained is shown in Fig. 7 where it is compared with the theoretical plot as shown in Fig. 4 . It is noticed that the experimental results are nearly similar to the theoretical results as obtained considering the inter-winding and stray capacitances. Also a comparison on the differences of phase angle between input and outputs for different frequencies and for fixed displacement (d = 2 mm) has been studied using CRO and shown in Table 4 and Fig. 8 . Using equation (12), calculating the parameters (τ cp , τ lp , τ csm , τ lsm , τ pts , β) of the LVDT using the values shown in Table 1 and taking fixed values of "d"(2 mm), Ei and Eo, the value of τ m is found out in terms of "K" . Using this value, the value of (M1 -M2) can be calculated in terms of "K". Then using equation (M1 -M2) = Kd, the ratio of M1 and M2 can be calculated and from which, the value of "K" can be found out which is equal to 2 for M1 and M2 are 8 mH and 4 mH respectively. The plot of the theoretical and practical outputs against excitation frequency for fixed displacement d = 2 mm are shown in Fig. 7 with blue and red color respectively. From the Fig., it is clear that the theoretical curve nearly overlaps with experimental curve. Communications on Applied Electronics (CAE) -ISSN : 2394-4714 Foundation of Computer Science FCS, New York, USA Volume 3-No.6, November 2015 -www.caeaccess.org 
CONCLUSION
From the above discussions and experiment, it is clear that though the output and the phase angle of the output of an LVDT are assumed constant, it is not true for low range measurement. In case of high range measurement, the errors due to inter-winding and stray capacitances can be neglected, but in case low range displacement measurement, the error due to change in excitation frequency is significant, because in that case, the effects of the reactance due to inter-winding and stray capacitances are very much considerable. Since, the results of the experiment show that the output and the difference in phase angle of the output are nearly equivalent, in case of low range measurement, the designer must remember the effect of the unwanted capacitive effects to design lead-lag compensator and the measurement procedure for low range measurement, where accuracy is an important factor, should follow the effects in order to avoid erroneous results. 
APPENDIX

